Nutrient concentrations increased in 2 lakes (Lake Alexandrina and Lake Albert) located at the downstream end of the Murray Darling Basin, Australia, as a result of water level drawdown and salinisation associated with a severe drought. Between January 2007 and March 2008 the salinity difference between the inlet and outlets (5 barrages) increased from 0.9 to 21.0 g L −1
Introduction
Due to high levels of consumptive water use and climatic variability, semiarid water bodies can experience significant drawdown periods (Moiwo et al. 2010) . One example is the Aral Sea, where water extractions for irrigation resulted in a 13 m decline in water levels (Micklin 1988) . As the Aral Sea shrank in volume, biological productivity declined and its native flora and fauna communities became degraded (Micklin 1988) . Due to the rare nature of these drawdown events, few studies have investigated the direct impacts of extreme drawdown periods on lake water quality (Baldwin et al. 2008) .
One of the most common effects of drawdown in semiarid climates is salinisation (Williams 1987) . This can occur through (1) evapoconcentration (Williams 1999) ; (2) rising saline water tables in response to the loss of the overlying freshwater head (Anderson and Morison 1989) ; and (3) the encroachment of ocean water in coastal environments (Ayache et al. 2009 ). In turn, salinisation can significantly affect physicochemical conditions and biogeochemical processes. For example, salinisation can reduce suspended solid concentrations by promoting the coagulation and settling of fine particles (Grace et al. 1997 , Nielsen et al. 2003 ). In contrast, water level drawdown may have the opposite effect by increasing sediment resuspension. The contrasting impacts of water level drawdown and salinisation are also apparent for nutrient cycles, although generalised effects of each are not possible because they depend upon the physical, chemical, and biological properties of a lake. A few examples can be given to highlight these contrasting effects. As water levels fall, the mixing zone may reach the sediment surface, increasing the penetration of oxygen into the sediments (Baldwin and Mitchell 2000) . This can increase phosphorus adsorption onto sediments due to the formation of amorphous ferric oxyhydroxides, which have high affinity for phosphorus (De Groot and Fabre 1993 , De Groot and Van Wijck 1993 , Baldwin 1996 . In contrast, intrusions of saline water often lead to density stratification and oxygen depletion within the sediment, resulting in the desorption of phosphorus and release into the water column (Davis and Koop 2006, Baldwin et al. 2008) . Furthermore, increased sulfate reduction rates can result in the displacement of phosphorus from the sediment (Wetzel 2001) . Examples of the contrasting impacts of water level drawdown and salinisation can also be found for the cycling of nitrogen (Rysgaard et al. 1999 , Baldwin and Mitchell 2000 , Laverman et al. 2007 .
A severe drought in Australia's largest catchment, the Murray Darling Basin, offered a unique opportunity to study the effects of water level drawdown and salinisation on nutrient concentrations in large shallow lakes. From September 2001 until April 2008, the Murray Darling Basin experienced the second driest 7 year period since records began in 1891 (MDBC 2008) . Combined with high rates of extraction for irrigation, the drought resulted in water level drawdown in Lake Alexandrina and Lake Albert (collectively the Lower Lakes). We hypothesised that nutrient concentrations and standing stocks in the water column would increase during a drawdown period. Because the biogeochemistry of the Lower Lakes is a product of shallow water levels under normal conditions (Cook et al. 2008 ; maximum depth of 4.1 m), we hypothesised that changes in nutrient concentrations and standing stocks would be associated with salinisation rather than drawdown alone. In particular, we hypothesised that dissolved nutrients concentrations would increase due to inputs of saline water leading to density stratification and nutrient release from anoxic sediments, and that particulate nutrient concentrations would decrease due to salinity induced flocculation and settling of suspended solids. These hypotheses were tested by monitoring changes in nutrient concentrations and the physicochemical properties of the Lower Lakes during the drawdown event.
To account for the complex morphometry of the Lower Lakes, these properties were characterised in a spatially explicit fashion, representing the most comprehensive limnological assessment of the Lower Lakes since the work of Geddes (1984a Geddes ( , 1984b .
Study site
Lake Alexandrina and Lake Albert are large (˃750 km 2 ), shallow (maximum depth 4.1 m), turbid lakes located at the downstream end of the Murray Darling Basin (Fig. 1 ), Australia's largest drainage basin (1 059 000 km 2 ). The River Murray carries the largest and most constant flow of water to the Lower Lakes. At the Lower Lakes, the River Murray also includes the flows from the Darling River, resulting in higher turbidity (Geddes 1984b , Grace et al. 1997 . The local area has a semiarid Mediterranean climate with mild winters and hot, dry summers. A majority of the rainfall occurs in winter, with considerable interannual variability. Although several local streams discharge into Lake Alexandrina, including Finniss River and Currency Creek (Fig. 1) , their overall contribution to the total water and nutrient balances is less than 2% (CSIRO 2007 ) and 1% (Cook et al. 2008) , respectively. Prior to river regulation, the lower reaches of Lake Alexandrina would have been estuarine, but the main body of the lake was predominantly fresh (Fluin et al. 2007 ). However, 5 barrages were constructed between 1935 and 1940 to prevent the increasing frequency of saline intrusions and maintain the Lower Lakes as a permanent freshwater supply (Geddes 1984a) . These barrages separate the Lower Lakes from the Coorong (Fig. 1) , an estuarine to hypersaline coastal lagoon (Geddes 1987) , and the outlet to the ocean (Murray Mouth).
The Lower Lakes are geomorphologically complex but can be divided into 3 major regions, including Lake Alexandrina body (Ax), Lake Albert (Ab), and the Goolwa Arm of Lake Alexandrina (GA; Fig. 1 ). GA is relatively small, sheltered, and deeper than Ax or Ab (maximum depth approximately 4.4, 3.9, and 2.4 m in GA, Ax, and Ab, respectively). Ax is the largest water body and is characterised by extensive wind-driven hydrodynamic processes, such as wind setups and seiches. Ab is similar to Ax, but shallower and generally more saline. Ax is also the main source of water to Ab though a channel connecting them (Fig. 1) . Impact of a drought on nutrient concentrations in the Lower Lakes
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Methods

Sampling and analyses
Between January 2007 and April 2008, 18 sites within the Lower Lakes and one site at the end of the River Murray (Fig. 1) were visited at approximately 2 month intervals (9-11 Jan, 19-21 Mar, 21-23 May, 9-11 Jul, 2-4 Oct, and 26-28 Nov in 2007; and 22-24 Jan and 31 Mar-2 Apr in 2008) . Due to the size of the lakes, each site was sampled at different times of the day; however, linear regressions revealed no significant relationships between time of day and response variables (p > 0.05). On occasion, data were not obtained from some sites due to inauspicious weather or sites not being inundated, but this equated to only 3% of the dataset.
At each site, measurements of dissolved oxygen concentration (DO; salinity corrected), electrical conductivity, pH, turbidity, and temperature were recorded at 0.25 m intervals with a TPS 90FLT probe. DO saturation (DO Sat ) was calculated through the equations of Eaton et al. (2005) . Electrical conductivity was converted to salinity (S) using the equation of Tucker and Beatty (1974) . At each sampling site, 3 instantaneous measurements of light intensity were also recorded at 0.25 m intervals using a LICOR underwater spherical quantum sensor (LI193SA). For each depth interval, the light attenuation coefficient (k) was calculated using the Beer-Lambert equation and the euphotic depth (Z EU ) as the depth to which 1% of the subsurface irradiance penetrated (Oliver et al. 2010) . Average k and Z EU values of a single profile were calculated as the average of each depth interval.
Integrated water samples were collected using a polyvinyl chloride tube with an i.d. of 54 mm. Tubing was lowered through the water column to ~0.15 m above the sediment surface, sealed on top, and retrieved. This was repeated 3 times, and water was placed in a bucket, from which approximately 2.5 L of unfiltered water was collected. In November 2007 and April 2008 samples were also collected from the surface and bottom of the water column at GA4 (Fig. 1) by lowering a Van Dorn water sampler to the desired water level.
Approximately 100 mL of mixed sample was immediately filtered through a Millex® AP 20 GF prefilter Fig. 1 . Location of sampling sites in the Lower Lakes and location of study site and Murray Darling Basin in Australia. Shown are all routine sampling sites in Lake Alexandrina Body (Ax), Lake Albert (Ab), and Goolwa Arm (GA) and sites of telemetred water level and electrical conductivity data. The sampling sites were grouped according to region: Ax is the lake perimeter between RM1, Ax4, and Ax6. GA is the lake perimeter between Ax6 and GA4. Lake Albert is the lake perimeter in Lake Albert to Ax4.
followed by a Millex® 0.22 μm PES Membrane filter. Filters were not rinsed beforehand because they were found not to leach detectable levels of nutrients; however, the first 5 mL of filtered sample was not dispensed into the sample bottle. Samples were immediately stored in the dark below 3 °C. Unfiltered water samples were analysed for total phosphorus (TP), total nitrogen (TN), total suspended solids (TSS), suspended particulate organic matter (SPOM), and chlorophyll a (Chl-a). Filtered samples were analysed for ammonia (NH 4 -N), oxidised nitrogen (NO x -N, the sum of nitrate and nitrite), filterable reactive phosphorus (FRP), and dissolved organic carbon (DOC). From October 2007, unfiltered samples were also analysed for total organic carbon (TOC).
Concentrations of TP, FRP, NH 4 -N, and NO x -N were measured by segmented flow analysis (Alkem) using standard techniques (Eaton et al. 2005) . For TP analyses, a 10 mL subsample was pipetted into ultraclean borosilicate, hot digested with HNO 3 and H 2 SO 4 and then brought back to a neutral pH. Concentrations of NO x -N were determined colorimetrically as nitrite following a reduction of nitrate to nitrite in an open tubular cadmium column of helium, which was then reacted with sulphanilamide and N-(1-naphthyl)-ethylenediamine dihydrochloride in phosphoric acid. Nitrite concentrations were also determined (without reduction of nitrate), but these were generally below detection and so are not presented, with NO x -N considered to be primarily nitrate. Concentrations of NH 4 -N were determined spectrophotometrically following reacting samples with sodium salicylate and sodium nitroprusside and sodium dichloroisocyanurate solution. Detection limits of FRP, NO x -N, and NH 4 -N were 0.002, 0.005, and 0.01 mg L −1 , respectively. TOC, DOC, and TN were measured using a high temperature TOC/TN analyser (Skalar Fourmacs) using standard techniques (Eaton et al. 2005) . Total organic nitrogen (TON) was calculated as the difference between TN and the sum of NH 4 -N and NO x -N. For TOC and DOC analysis, inorganic carbon was removed through acidification, a method with a precision of 5-10% (Eaton et al. 2005) . Particulate organic carbon (POC) was calculated as the difference between TOC and DOC. Although this incorporates error in both TOC and DOC techniques, it was considered more appropriate than estimating POC from SPOM. The latter approach has analytical error in addition to an assumption of the carbon content of organic matter, which may vary across time and space. TSS and SPOM were determined by APHA method 2540 (Eaton et al. 2005) . Material concentrated onto GFC filters was used to measure suspended Chl-a concentrations spectrophotometrically using methanol as an extractant following Golterman et al. (1978) .
Nutrient standing stocks
Nutrient and salt standing stocks in the water column at each sampling time were estimated from the average concentration of a given chemical species in the different regions and the water volumes of those regions. The percentage change in standing stocks between January 2007 and March 2008 was calculated. Volumes at each sampling time were calculated using a Matlab (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) The MathWorks, Inc) script describing the relationship between water level and volume based, on bathymetry water levels supplied by the South Australian Department for Water (Dec 2010, unpubl.) . Water level data were obtained from telemetered sites, provided by the South Australian Department for Water (Dec 2010, unpubl.) . To account for seiching effects, 5 day averages were used to determine water level at T1 and T2 at each sampling period (Fig. 1) .
To assess leakage of water through the barrages as a potential source of nutrients to the lakes, inflowing loads were estimated as the product of nutrient concentrations and inflow volumes. Minimum and maximum nutrient concentrations measured in the source water (Coorong) subsequent to this study period but during the drought (South Australian Environmental Protection Authority, Jan 2010, unpubl.) were used. Inflowing volumes from barrage leakage were calculated using a salt mass balance with all known inflowing loads (River Murray, local streams, and rainfall) calculated as the product of average salinities and inflowing volumes (South Australian Department for Water and Murray-Darling Basin Authority, Dec 2010, unpubl.). The change in salt standing stocks unaccounted for was assumed to be from barrage leakage and was used with minimum and maximum salinity measurements measured in the source water (South Australian Environmental Protection Authority, Jan 2010, unpubl.) to calculate minimum and maximum inflowing volumes from barrage leakage.
Data analysis
Measurements of salinity were compared against data collected prior to the study period at telemetered sites (South Australian Department for Water, Dec 2010, unpubl.), located at the upstream end of Ax (T1) and immediately upstream of a barrage near GA4 (T2; Fig. 1 ). Water level data obtained for the Lower Lakes were also compared against changes with those of T3, immediately downstream of the barrage near GA4. Wind speed and wind direction were obtained for each site on each sampling trip using hourly recordings at T3 (Bureau of Meteorology, Dec 2010, unpubl.; Fig. 1 ).
Statistical analyses were conducted using JMPIN and GraphPad. All treatments were tested for homogeneity of Impact of a drought on nutrient concentrations in the Lower Lakes
Inland Waters (2011) 1, pp. 159-176 variance (O'Brien test) and normality (Shapiro-Wilk test), and successful transformations were found when these assumptions of parametric analyses were not met. For physicochemical conditions (herein referring to pH, temperature, DO, DO Sat , turbidity, k, and Z EU ), the average of each depth interval at a particular site and time was used for all statistical analyses. To address the overarching question of whether water level and salinity influenced nutrient and organic carbon concentrations, DO and suspended material (TSS, SPOM and Chl-a) multiple regression analysis was conducted with the effect of water level and salinity. To examine spatial differences in nutrient and organic carbon concentrations, one-way repeated measures analysis of variances were conducted. Since multiple analyses were run, the risk of type 1 errors was avoided by reducing α to 0.01 (for all other analyses α = 0.05). To examine more closely the mechanisms of changes in nutrient and organic carbon concentrations, additional multiple regression analyses were conducted with tested effects of pH, temperature (T), DO, DO Sat , turbidity, surface light intensity (I 0 ), average light intensity (I Ave ), k, Z EU , wind speed, wind direction, TSS, SPOM, and Chl-a. This was also done for Chl-a and SPOM, with additional effects of all nutrient species. Differences in TSS were observed between the regions, and so the effect of resuspension was investigated by comparing the response of TSS to wind speed in the different regions by analysis of covariance.
Results
Water level drawdown and salinisation
River Murray inflows to the Lower Lakes averaged 1.9 GL d −1 during the study period ( During 2006, salinities were 0.6 g L −1 greater in GA than Ax (Fig. 3) . Salinities rose rapidly in GA from 2.1 to 18.6 g L −1 at GA4 between January and May 2007, when water levels in the Lower Lakes fell below that of the Coorong. A large salinity gradient developed in GA (Fig. 4) , with significant leakage of marine water through the barrage gates observed. To reduce the salinisation risk, attempts were made to seal the barrages in winter and spring 2007 (J. Eaton, South Australian Department for Water, Oct 2007, pers. comm.) . Subsequently, increased River Murray discharge saw a decrease in salinity between May and October 2007, but salinity increased steadily thereafter, as did the salinity difference between the River Murray and the barrages. The salinity increase in Ab was greater than that of Ax due to evaporation and limited exchange through the narrow connection between the 2 lakes.
In addition to the horizontal salinity gradients, permanent vertical density stratification developed within GA, particularly at sites located at the barrages (Fig. 5) . Stratification was also evident at GA1 and Ax6, although There was an increase in salt standing stocks in the Lower Lakes of 2.4 × 10 6 tonnes (205% increase; Table 1 ), indicating that changes in salinity were not due to evaporation alone, but also due to a large external load. 
Nutrient and organic carbon concentrations
Nitrogen (N):
The main form of N in the Lower Lakes was TON (Table 4) , with the greatest concentrations observed during October 2007-March 2008 (Fig. 7) . However, increasing salinity and decreasing water level
Dissolved oxygen
Low hypolimnetic DO Sat was common in GA (Table 2) , which was usually associated with stratification, although low hypolimnetic DO Sat was also observed when stratification was absent (Fig. 5) . As for salinity stratification, the magnitude of hypolimnetic DO depletion progressively decreased between sites with increasing distance from the barrages. There was a decrease in average DO Sat of the water column with increasing salinity but not with decreasing water depth (Table 3) .
Suspended solids, turbidity, and light penetration TSS was highly variable but there was no decrease in concentrations with increasing salinity or decreasing water level (Table 2 and 3) . Instead, TSS was positively related to wind velocity (p < 0.0001, df = 1 for multiple regression), but this effect was dependent on region (p = 0.01, df = 2 for the effect of region; p < 0.0001, df = 134 for the effect of the interaction between region and wind speed for analysis of covariance), with greater suspended solids in Ab than Ax and GA for medium to high wind velocities (Fig. 6 ). This was particularly evident toward the end of the study period when water levels were lowest and water levels were shallower in Ab than Ax and GA (Table 2 ). This was also the case for turbidity. Consequently, k was lower and Z EU higher in GA than Ax and Ab, with particularly low light penetration in Ab (Table 2) . explained little of the variation in TON (Table 3) . Physicochemical conditions explained 67% of the variability in TON concentrations, which was attributable to a positive relationship with light attenuation (k), TSS, and Chl-a (Table 5) ; TON concentrations were greater in sites in Ab than the River Murray, with water depth and water clarity lowest in Ab (Table 2 ). In comparison, TON concentrations in Ax and GA were not different from those of the River Murray, except for GA6 (Table 4) . The inorganic proportion of TN increased through the study period from 3.1 to 14.8%. Average NH 4 -N concentrations increased during the study period (Fig. 7) , and a horizontal concentration gradient from the River Murray to the barrages was particularly evident in GA (Table 4) . There were also vertical differences in NH 4 -N, with concentrations between 2.1 and 3.3 times greater in the hypolimnion than the epilimnion of GA4 (Table 6) ; however, NH 4 -N concentrations were not related to average water column DO or DO Sat (Table 5) . Instead, NH 4 -N concentrations were positively related to light penetration (k and Z EU ) and wind speed and negatively related to pH (Table 5 ). In contrast to NH 4 -N, NO x -N concentrations displayed no consistent temporal or spatial patterns ( Fig. 7 ; Table 4 ). (Fig. 7) . Consequently, TP was not related to water level or salinity (Table 3) but was positively related to temperature, k, TSS, SPOM, and Chl-a, which explained 59% of the variation (Table 5) , with little spatial variation (Table 4) . Because concentrations did not continue to increase during the study period, neither water level nor salinity were important drivers of changes in FRP (Table 3) . Physicochemical conditions explained 48% of the variation in FRP, with a positive relationship with DO and DO Sat (Table 5) . Hypolimnetic FRP concentrations were only slightly greater than epilimnetic concentrations at GA4 (Table 6 ). TP and FRP displayed little spatial variation, although concentrations were highest in GA6 (Table 4) .
Phosphorus (P)
:
Organic carbon (OC):
DOC made up between 44.1 and 78.4% of the TOC pool, with DOC concentrations lowest at RM1 (Table 4) (Fig. 7) . Consequently, increasing DOC concentrations were related to both decreasing water levels and increasing salinities, but these factors only explained 21% of the variation in DOC (Table 3) . Increasing DOC concentrations were also related to decreasing temperature, DO, light availability, and suspended material ( (Fig. 7) . There was little spatial variation in POC, with concentrations only significantly lower in RM1 than Ab1 (Table 4) . POC had an inverse relationship with salinity (Table 3) , as well as an inverse relationship with pH and a positive relationship with turbidity (Table 5) .
Nutrient and organic carbon standing stocks
There was an increase in NH 4 -N and FRP standing stocks of 250 and 142%, respectively (Table 7) , in contrast to a 50% decline in TP standing stocks. There was either no change or a small decrease in TON and DOC standing stocks during the drawdown. There was insufficient data to assess changes in POC standing stocks.
Suspended particulate organic matter and chlorophyll a
SPOM and Chl-a were strongly related to TSS (Table 2) . Although Chl-a concentrations were higher in Ax and Ab than GA (Table 2) , salinity and water level did not explain variation in Chl-a (Table 3) . Physicochemical conditions explained much of the variation (p < 0.0001, r 2 = 0.73, df = 115 for multiple regression), with Chl-a positively related to TON and TP and inversely related to temperature (p < 0.0001, p = 0.015, and p < 0.0001, respectively, df = 1 for all parameters for multiple regression). As with TSS, SPOM was not related to decreasing water level or salinity. Indeed, there was no apparent change in the composition of suspended material during the study period, with TSS consisting of approximately 30% SPOM (Table 2) , and variation in SPOM only explained by TSS and Chl-a (p < 0.0001 and p = 0.001, respectively; r 2 = 0.9, df = 115 for multiple regression).
Discussion Water level drawdown and salinisation
Although water level drawdown and salinisation often coincide in semiarid and arid climates due to evapoconcentration (Williams 1987 , Micklin 1988 , an increase in the Lower Lakes salt standing stocks of 205% in [2007] [2008] suggests that it was not the only cause of salinisation in this case. While River Murray inflows (4.5 × 10 5 tonnes), local stream inflows (5.2 × 10 4 tonnes), and rainfall (7.8 × 10 3 tonnes) contributed to increased salt standing stocks, 78% of this was attributed to unknown sources (Table 1) and 1997. A possible source during the drawdown was saline groundwater discharge, with regional groundwater flow toward the Lower Lakes even before the drawdown (Lamontagne et al. 2006 ). However, the flat topography, shallow water tables, and semiarid climate would have favoured the bulk of groundwater discharge to have occurred by water table evaporation on exposed lakebeds rather than directly to the receding lakes (Wind 1955 , Jolly 1996 ). While some contribution of salt from groundwater was likely, the proximity of the salinity incursions to the barrages and field observations suggest that the bulk of the increased salt load to the Lower Lakes in 2007-2008 was from barrage leakage. Small volumes of barrage leakage can clearly result in large increases in the standing stocks of salt due the high salinity levels of the Coorong (Table 1 ). This suggests that barrage leakage was also a potential source of nutrients to the Lower Lakes during the study period, but the increase in salinity also has implications for the cycling of nutrients, as discussed in subsequent sections.
Sources of dissolved nutrients during droughts
The change in dissolved nutrient concentrations in the Lower Lakes was not due to evapoconcentration alone, with standing stocks of NH 4 -N and FRP increasing. This contrasts with findings of Cook et al. (2010) , who found that the Lower Lakes were a sink for dissolved nutrients under a range of flow conditions. As hypothesised, the input of saline water into the Lower Lakes did result in the development of vertical density stratification and anoxic conditions in GA, a common phenomenon associated with salinisation of inland waters of southern Australia (Turner and Erskine 2005 , Baldwin et al. 2006 , Davis and Koop 2006 . Saline groundwater intrusion has been identified as the principal source of density stratification elsewhere (Anderson and Morison 1989) , but seawater inputs seemed to be the cause in the Lower Lakes. The resulting anoxic conditions would have been a suitable environment for displacement of NH 4 by cation exchange (Rysgaard et al. 1999 , Baldwin et al. 2006 , Laverman et al. 2007 ) and NH 4 -N production from organic N mineralisation (Kristensen and Blackburn 1987) . In addition, reduced nitrification rates resulting from the development of anoxic conditions may have been a factor (Rysgaard et al. 1999) ; NO x concentrations did not increase during water level drawdown, but this may have also been related to tightly coupled nitrification and denitrification, with denitrification thought to be important in the Lower Lakes (Cook et al. 2010) . The association of NH 4 -N with wind speed is consistent with increased internal recycling of NH 4 -N during windy periods. Wash-off from exposed sediments may have been an additional source of NH 4 -N during the drawdown. Qiu and McComb (1996) found drying of sediments can accelerate mineralisation of the organic matter, increasing ammonium concentrations in the water column during reinundation. Simpson et al. (2010) observed high flux rates of ammonium in dried and rewet sediments of the Lower Lakes subsequent to this study period. However, external inputs from barrage leakage also seemed to contribute to the increase in NH 4 -N concentrations, but this was most likely less than 20% of total increase in standing stocks (Table 7 ). The relationships of NH 4 -N concentrations to light penetration and pH is consistent with Coorong water being a source of NH 4 -N in GA because it is more saline and clearer than the Lower Lakes (Aldridge et al. 2009) . A number of biogeochemical processes could have also contributed to the increase in FRP concentrations during the monitoring period, including nutrient release from anoxic sediments caused by stratification (Naselli-Flores 2003, Nielsen et al. 2003 , Baldwin et al. 2008 ) and displacement of phosphate from the sediment due to increased sulfate reduction rates and the formation Fe-S compounds (Wetzel 2001) . In addition, external inputs from barrage leakage potentially provided a large contribution to the increase in FRP standing stocks (up to approximately 35%; Table 7) ;. However, GA6 was the only site located near the barrages that had FRP concentrations greater than other lake sites. Temporal changes in FRP concentrations did not seem to be associated with density stratification; hypolimnetic FRP concentrations were only slightly greater than that of epilimnetic concentrations where DO depletion was most evident. In addition, wash-off from exposed sediments does not seem to explain the changes in FRP concentrations because Simpson et al. (2010) observed low flux rates of phosphate in dried and rewet sediments of the Lower Lakes. Instead, the increased FRP seemed to be associated with the decreased DO Sat in the epilimnion, which may reflect decreased primary productivity and demand for FRP with increasing salinity, although there was no apparent decrease in Chl-a concentrations.
In comparison to NH 4 -N and FRP, the DOC standing stocks in the lakes remained constant, suggesting that the increase in DOC concentration during the monitoring period was due to evapoconcentration. The long water residence time of the River Murray (~200 d during the study period for the lower 250 km of a total length of 2500 km) means that DOC inputs to the Lower Lakes are probably relatively refractory and conservative once in the lakes (Curtis and Schindler 1997) . This effect would be compounded during droughts by the lack of overbank flows preventing the mobilisation of labile DOC from floodplains (Baldwin 1999 , Robertson et al. 1999 .
Particulate nutrients and sediment resuspension
The increase in salinity was expected to reduce suspended nutrient concentrations due to flocculation of suspended material (Grace et al. 1997 , Nielsen et al. 2003 . Suspended solids and particulate nutrient concentrations were inversely correlated to water level and not correlated to changes in salinity, possibly due to increased assimilation of dissolved nutrients by phytoplankton during the drawdown period, with variability in Chl-a being explained by TON and TP. In addition, nitrogen fixation is thought to be substantial in the Lower Lakes during periods of lower River Murray inputs (Cook et al. 2010 ). However, there was an apparent coupling between light availability, particulate nutrients, Chl-a, and TSS that suggests that nutrient recycling by sediment resuspension probably increased during the drawdown, although this would have been a spatially and temporally complex process.
Resuspension is known to play an important role in nutrient cycling of shallow lakes, increasing particulate nutrient concentrations in the water column directly and dissolved nutrient concentrations through increased organic matter mineralisation, and altering concentration gradients between water column and porewater , Reddy et al. 1996 . Resuspension occurs when the force required to resuspend sediments, or shear stress, is overcome (Bloesch 1995) . The inherent turbulence of the Lower Lakes means resuspension plays an important role in controlling suspended solids as well as primary and secondary productivity (Geddes 1984a (Geddes , 1984b . As water levels fall, the influence of resuspension likely becomes more important due to increased turbulence at the sediment-water interface, facilitated by a receding shoreline, exposing finer sediments located toward the centre of the Lower Lakes (Aldridge et al. 2009 ). Suspended solids were highly variable and positively related to wind speed, with greater suspended solids in the shallower Ab than Ax and GA for medium to high wind velocities. This was particularly evident as water levels fell. The rapid mixing within the Lower Lakes, highlighted by the relatively small horizontal and vertical salinity gradients at open water sites, meant that the relationship between suspended solids and water level was not clear because particles suspended from shallower sites would be rapidly transported to deeper sites.
Vulnerability of lake ecosystems to water extractions and climate change
Prior to European settlement, the Lower Lakes were predominately fresh water (Barnett 1993 , Fluin et al. 2007 ). High levels of water extraction from the River Murray, drought, and the presence of barrages clearly resulted in rapid changes to the lakes' water levels and salinity in [2007] [2008] . During previous droughts, low nutrient concentrations had been observed, fostered by longer water residence times (Cook et al. 2010) ; however, the changes observed during this study indicate that the Lower Lakes had reached a different biogeochemical state in [2007] [2008] . Few studies have directly investigated the influence of extreme drawdown on nutrient concentrations in lakes and reservoirs, and a majority of those studies are from arid and semiarid reservoirs (Table 8 ). In general, increased nutrient concentrations were observed. Baldwin et al. (2008) attributed this to nutrient release from anoxic sediments resulting from the development of thermal stratification, while Naselli-Flores (2003) observed that decreasing water levels increased the transport of nutrientrich hypoliminetic water to the epilimnion. The significance of resuspension of particulate nutrients during drawdown has not been observed in deeper reservoirs. hypothesised that an increased influence of sediment resuspension during extremely low water levels in an oligotrophic lake of the Experimental Lakes Area would increase nutrient concentrations. However, this was not observed because the low fetch of the lake apparently prevented significant sediment resuspension. In lakes of the same region, an extensive regional drought increased dissolved nitrogen concentrations and salinity due to decreased water renewal (Schindler et al. 1990 ). In general, impacts of salinisation on nutrient concentrations were not observed in the above studies, presumably because these lakes had no connection to the sea or only experienced small increases in salinity. Increased nutrient availability during water level drawdown has cascading impacts for lake ecosystems. Elsewhere, this has led to nuisance cyanobacterial growth (Naselli-Flores 2003 , Baldwin et al. 2008 , and a bloom of the toxic Nodularia spumigenia has since been observed in the Lower Lakes (South Australian Environmental Protection Authority, Mar 2009, unpubl.) . This, along with anoxia, reduces habitat availability for other biota. fish species and large declines in numbers of waterbirds (Kingsford et al. 2011 ) has resulted in significant socioeconomic costs associated with engineering solutions to maintain refugia, as well as loss of an irrigation water supply, recreational opportunities, and tourism (Kingsford et al. 2011) .
The vulnerability of water bodies at the downstream end of river basins to water extractions has been observed worldwide, particularly in arid and semiarid regions (Jackson et al. 2001 , Montagna et al. 2002 , Sierra et al. 2004 ). This vulnerability may become more apparent in areas that become drier due to climate change, such as southern Australia (CSIRO 2008) . In the Lower Lakes, riverine inputs equivalent to extreme drought conditions are likely to occur 13% of the time by 2030, a result of climate change (median prediction) and water extractions (CSIRO 2008) . The impacts of climate change have already been observed in lakes worldwide, although the impacts on biogeochemistry vary greatly, depending on lake morphology and local climate (Quayle et al. 2002 , Carvalho and Kirika 2003 , O'Reilly et al. 2003 . The response of the Lower Lakes to a prolonged drought indicate that more frequent extreme hydrological conditions anticipated from climate change will have significant implications for water quality of water bodies at the downstream end of river basins. To preserve important biodiversity and ecosystem functions of inland water ecosystems in a more variable future climate, the level of water extractions for human purposes will need to be reduced.
